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Abstract – The aim of this study is the improvement of the combustion modelling in forest fires. To 
proceed, the degradation gases released by Mediterranean forest fuels have been determined. They 
mainly consist of CO2, CO, CH4 and H2O. Then, an experimental device was built to produce 
laminar, axisymmetric, time-varying and non-premixed flames from these vegetative fuels. The 
collected data (temperature, flame radius and mass flow rate) have been used to implement and 
validate the combustion modelling. Using numerical methods, the transient equations for the 
conservation of mass, momentum, energy and chemical species have been solved for the flame as 
well as the radiative transfer equation. Three combustion mechanisms have been tested: a skeletal 
mechanism, a global mechanism currently applied in forest fire incorporating only carbon monoxide 
and an original global mechanism with three reactions including methane and carbon monoxide. The 
comparison between the experimental and predicted results shows that the model containing only 
carbon monoxide underestimates significantly the temperature in the fire plume. On the contrary, the 
results obtained with the skeletal and the three-step mechanism including both methane and carbon 
are in good agreement with the experimental data. This study underlines also the necessity to include 
methane in the gas oxidation model to improve the predictions in wildland fire modelling. 
 
Keywords: forest fire; gas combustion modelling 
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1 Introduction 
 
Wildland fires are an annually occurring threat to people and property in many nations of the 
world. Over the last sixty years, a significant amount of interest in numerical modelling of wildland 
fire spread has been generated within the scientific community. Three types of modelling approaches 
have emerged. The first one includes statistical models [1]. The second one incorporates empirical 
models [2]. Based on a detailed description of the heat transfer mechanisms, which govern the fire 
propagation, the physical models [3-5] are the third set of models. However, even in the most 
sophisticated approaches, the degradation gases and the combustion in gas phase are not treated in 
detail. The combustible part of the devolatilization products is generally considered to be solely 
carbon monoxide burning in air [6], whatever vegetation species.  
The aim of this study is to provide a simple reliable model for the oxidation of the degradation 
gases, which could be included in a model of wildand fire. To proceed, experiments are carried out 
first to collect data for the implementation and to validate a numerical model. The gases released 
during the degradation of three Mediterranean forest fuels are analysed by using a tube furnace 
connected either to a gas chromatograph or to a hygrometer. An experimental device is built in order 
to generate unsteady, axisymmetric, non-premixed laminar flames from the forest fuels. The mass 
flow rate, the flame radius and the distribution of temperature are recorded. Next, a primitive 
variable formulation is used to solve the transient conservation equations of mass, momentum, 
energy, species as well as radiation. Three combustion mechanisms are tested. The first one is the 
skeletal mechanism given by Peters et al [7]. It is used to determine the composition of the gases 
released in the numerical domain and to serve as reference model. The second one is a global 
reaction mechanism based on Grishin’s hypothesis [6]. Finally, the last one is an original combustion 
mechanism including three global reactions and taking into account carbon monoxide and methane. 
The numerical results obtained with the three mechanisms are compared to the experimental data and 
discussed in order to propose a simple combustion model.  
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2 Experimental Devices 
 
All experiments were conducted with three fuels: Pinus halepensis, Pinus laricio and Erica arborea. 
Before experiments, the plants were oven-dried at 60°C during 24 hours and then they were crushed 
and sieved to a particle size of 0.6-0.8 mm. It allows first decreasing the influence of the geometry of 
forest fuels on their combustion and then producing laminar flames what permits to study the 
combustion kinetics hidden in the turbulent flames.  
 
2.1 Analysis of degradation gases 
 
The composition of the degradation gases was determined thanks to a tube furnace apparatus used as 
pyrolyser. Thermogravimetric analysis showed that the samples mainly degrade between 280 and 
425°C [8]. Thus, we only analysed the gas mixture released during this range of temperature under 
nitrogen. The combustion chamber was filled with 4 g of sample. Gases were collected into a gas 
sampler. Then, the gas sampler was directly attached either to the gas chromatograph (Flame 
Ionization Detector and Thermal Conductivity Detector) or to the hygrometer (EdgeTech Model 
2001 Series DewPrime) measuring the dew point with a resolution of 0.1°C. The mass loss of the 
sample between 280 and 425°C was measured for each run. At least three repetitions were carried 
out for each species. 
 
2.2 Burning experiments  
 
The burning experiments were performed in order to collect data to implement and to validate the 
numerical model. The fuel bed was in the shape of a cylinder with a diameter of 3.5 cm, a depth of 
0.5 mm and a mass of 1.5 g. It was positioned on a load cell in order to measure the fuel mass loss as 
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a function of time. To insure a fast and homogeneous ignition, a small amount of ethanol (0.7 mL) 
was spread uniformly on the fuel bed and was ignited with a flame torch. An array of 11 
thermocouples was positioned above the fuel bed along the flame axis. The first thermocouple was 
placed 1 cm above the top of the support and the others were located 1 cm from each other. A second 
array of 7 thermocouples was situated horizontally. The spacing between the thermocouples was 
equal to 5 mm. All the thermocouples used were mineral-insulated integrally metal-sheathed pre-
welded type K (chromel-alumel) pairs of wire with an exposed junction. At the exposed junctions the 
wires were 50 µm in diameter. The uncertainty in temperature and mass measurements was 
respectively 0.5°C and 2.5 %. Two visual cameras allowed observing the regression of the flame 
height and of the flame basis. The ambient temperature was close to 21°C and the relative humidity 
was around 50 %. At least five repetitions were made to collect reliable data. 
 
3 Experimental Results 
 
3.1 Degradation gases 
 
Table 1 shows the main degradation gases analysed for the three fuels. Degradation gases mainly 
consist of CO2, CO, CH4, H2O, and lower amounts of H2 and C2, C3 and C4 hydrocarbons. However, 
the mass fractions change among the forest fuels. The highest quantity of combustible gases is 
obtained by Pinus laricio (31 %), followed by Pinus halepensis (26.7 %) and Erica arborea (23.5 
%). The two pines have a close mass fraction of water whereas Erica arborea’s one is twice lower. 
Based on these analyses, the heating value per mass of air for each gas composition is 3.23, 3.18 and 
3.27 MJ.kgair-1 respectively for Pinus halepensis, Pinus laricio and Erica arborea. Theses values are 
close for the three fuels.  
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3.2 Flame characteristics 
 
This part exhibits a quick description of the flame characteristics. We present the quantities used 
either for the input in the simulation or for the validation of the numerical results.  
 
3.2.1 Flame behaviour 
 
For the three forest fuels, three different stages are observed during the fuel burning: the ignition, the 
flame regression and the extinction. The first stage lasts around 60 s and corresponds to a flickering 
flame due to the presence of ethanol to ignite the sample. During the second stage, the fuel is only 
composed of the degradation gases as the ethanol is completely burned. The flame becomes laminar 
and decreases slowly. The last stage concerns the extinction of the flame. The remaining solid phase 
is essentially composed of carbon at the sample surface with a certain amount of unburned fuel near 
the support. Contrary to the other samples, the remaining solid phase of Erica arborea is covered by 
tar. The combustion time lasts around 180 s. 
 
3.2.2 Mass loss 
 
The mean mass loss is approximated by 4th order polynomials (Fig. 1.a). During the ignition stage, a 
steep decrease mainly due to the burning of ethanol is observed. Next, the mass loss slows down 
during the regression stage. Figure 1.b. presents the mean mass loss rate for the three fuels during the 
regression and the extinction stage. The stage changing is characterized by an inflexion point on the 
mass flow rate curves (around 120 s). During the regression stage, the highest mass flow rate is 
obtained by Pinus halepensis followed by Erica arborea and Pinus laricio. These data are used in 
the simulation to set the mass flow inlet of degradation gases. After 120 s, the mass flow rate of the 
two pines is close whereas Erica arborea’s one decreases quickly because of the tar production, 
which settles on the sample surface reducing the mass loss.  
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3.2.3 Flame radius  
 
Figure 2 presents the time evolution of the mean radiuses of the flame after 60 s approximated with 
quadratic polynomials. As the flame decreases during the regression and the extinction stage, the 
flame radius diminishes slowly from around 1.6 to 0.4 cm. The flame base of Pinus laricio regresses 
faster than Pinus halepensis and Erica arborea ones. The approximated polynomials are used in the 
simulation for setting the radius of the mass flow inlet zone. 
 
 
3.2.4 Vertical Temperature 
 
The time evolution of the temperature along the flame axis at 1, 2, 3, 4, 5, 7 and 11 cm is only 
presented for Erica arborea (Fig 3) as a same trend is observed for the whole species. During the 
first 60 s, the curves fluctuate due to the ignition with ethanol. Then, they become smooth during the 
regression stage. The maximum of the curves corresponds to the crossing of the thermocouples by 
the reaction zone. For the whole species, it reaches about 1000°C as their heating values per mass of 
air are similar. As the flame height decreases, only the thermocouples below 3 cm remain in the 
flame zone. Some fluctuations appear on the curves above 5 cm as these thermocouples record the 
temperature in the thermal plume, which becomes progressively turbulent. The vertical temperature 
is used to validate the numerical results.  
 
4 Combustion Modelling and Discussion 
4.1 Numerical model 
 
4.1.1 Mathematical formulation 
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As we focus on the study of the combustion in the gas phase, the fuel bed is represented as a burner. 
The model solves the two-dimensional, axisymmetric, time-dependant, laminar, reactive-flow 
Navier-Stokes equations coupled with radiation and transport: 
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where ω  is the mass rate of production, R

 is the radiant heat flux, Q  is the volumetric heat source, 
I is the radiant intensity, r  is the direction vector, s  is the unit vector along the radiant intensity 
path and a is the absorptivity. The subscripts i and j represent the gas species. The properties 
(viscosity, density, thermal conductivity and diffusivity…) of the gas species and of the gas mixture 
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as well as the numerical methods have been determined after a analysis of parameterization and of 
sensitivity. We have selected the most efficient configuration in term of computational cost and 
accuracy. The Radiative Transfer Equation (RTE, Eq. 5) is solved using a discrete ordinates method 
[9] following 144 directions in space. The gas is approximated by a mixture of grey gases containing 
CO2 and H2O. For each gas species, the viscosity and the thermal conductivity are computed using 
the kinetic theory [10] whereas the specific heat capacity is a function of temperature. As several 
gases are taken into account, different laws are used for the gas mixture properties. The 
incompressible ideal-gas law is used to calculate density variations. An ideal gas mixing law 
specifies the viscosity and the thermal conductivity. A mixing law defines the specific heat capacity 
and the diffusion coefficients are computed with the kinetic theory. The set of conservation equations 
in the gas phase is solved numerically by a finite-volume method. Diffusion terms are approximated 
using a second-order central difference scheme. Convective terms are discretized using a first-order 
upwind scheme. The pressure-velocity coupling is handled by using the SIMPLE algorithm [11]. The 
resulting systems of linear algebraic equations are then solved iteratively by using the Algebraic 
Multigrid algorithm [12]. 
 
4.1.2 Chemical mechanisms 
 
To simplify the problem, we only conserve six chemical species (CO2, CO, CH4, H2O and N2) from 
the gas analysis (paragraph 3.1). Three combustion mechanisms are tested: a skeletal and two global 
mechanisms. The skeletal mechanism (SM) is given by Peters et al [7]. It was elaborated for 
methane combustion and consists of 23 reactions and 14 gaseous species. The first global mechanism 
GM1 only considers carbon monoxide following Grishin’s hypothesis. The CO oxidation produces 
CO2 and the reverse reaction is taken into account: 
 
22 COO50CO ⇔+ .  (6) 
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The rates of production of the chemical species are written with Arrhenius’s laws and are given by 
[13]: 
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Mechanism MG2 has been developed for this study and takes into account two fuels: carbon 
monoxide and methane. The chemical reactions for carbon monoxide are identical to the previous 
case (Eq. 6 to 8). The methane combustion is incomplete and products carbon monoxide: 
 
OH2COO5.1CH 224 +⇒+  (10) 
 
The rate of production is given by [13]:  
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For all of the mechanisms, the units for the rates of production are kmoles, cubic meters, seconds and 
Kelvins. The activation energy for carbon monoxide has been developed in [13] for turbulent 
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combustion and is not adapted for the laminar flow. Thus, it has been decreased until the combustion 
sustains. 
 
4.1.3 Computational domain and boundary conditions 
 
As the flames are almost conical, an axisymmetric condition is used to decrease the computational 
time. A rectangle represents the burner. Several tests have been performed concerning the size of the 
computational domain and of the meshes to ensure that the width of the domain does influenced the 
flame behaviour and that numerical results are grid-independent. All the computations have been 
carried out using a Cartesian non-uniform grid covering a space domain of 3.5 cm × 15 cm. The 
grid contains 66 600 cells with a mesh size of 0.2 mm from z = 0 to 6 cm and from r = 0 to 6 cm 
along the vertical and radial direction respectively. In the remaining part of the grid, a dilatation ratio 
of 1.03 is applied along the height. The initial conditions: mass flow rate, burner radius and gas 
composition are directly deduced from the experimental data. A stationary solution of the flow field 
is first computed without reaction. Then, the ignition is carried out by applying a temperature of 
1200 K near the burner.  
 
4.2 Gas composition released by the burner 
 
The determination of the CO2, CO, CH4 and H2O mass fractions released by the burner is realised 
with the skeletal mechanism (SM) which takes into account the largest number of species and 
equations. To proceed, we test two compositions based on the experimental results of Pinus laricio at 
60 s (beginning of the regression stage). For both mixtures, the mass fractions of CO and H2O 
correspond to the values in Table 1. In composition 1, the mass fraction of CH4 is equal to the value 
in Table 1. In composition 2, the mass fraction of CH4 takes into account the heat release of C2 
hydrocarbons (YCH4=0.062). Finally, the mass fraction of CO2 is taken to set the sum of all mass 
fractions equal to 1. Figure 4 presents a comparison between the numerical and the experimental 
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temperatures along the flame axis (the vertical slashes represent the range of the experimental 
temperatures). When the composition takes into account C2 hydrocarbons, the maximum temperature 
increases of 66°C and its position is shifted 0.72 cm. The results computed with the composition 1 
are in very good agreement with the experimental data in the flame area whereas the composition 2 
overestimates the values and does not give an account of the combustion kinetics in this zone. In the 
thermal plume, the both mixture overestimate the temperature. This is due to the laminar modelling 
that cannot represent the turbulent mixing along the plume. Thus, to match the experiments, the mass 
fractions of CO, CH4 and H2O must be equal to the values obtained during the gas analysis. The 
other gaseous species have to be neglected and be considered as CO2. This result is likely a 
consequence of the modelling which does not take into account the mechanisms of soot 
production/oxidation. In the following, the skeletal mechanism with composition 1 is defined as 
reference mechanism.  
 
4.3 Determination of a global mechanism 
 
To compare the two global mechanisms (MG1 and MG2), we use two different gas mixtures derived 
from the experimental data of Pinus laricio at 60 s. For mechanisms SM and MG2, the mass 
fractions are equal to YCO=0.140, YCH4=0.040, YH2O=0.074 and YCO2=0.746 (composition 1). For 
mechanism MG1, the gas mixture is based on Grishin’s hypothesis [6], which is currently employed 
in the multiphase formulation used for the forest fire modelling [5, 14]. In this approach, the 
combustible part of pyrolysis gases consists only of carbon monoxide. The initial mass fraction of 
CO is equal to the sum of the initial mass fractions of CO and CH4 (YCO=0.180). Figure 5 shows the 
experimental temperatures and the prediction along the flame axis obtained with the skeletal and the 
two global mechanisms. Mechanism MG1 underestimates significantly the temperatures and 
modifies the position of the maximum, which appears 1.4 cm lower. The energy released is too low 
to describe accurately the temperature in the fire flume and the combustion kinetics is not good 
represented in the flame. On the contrary, mechanism MG2 products temperatures very close to the 
 14 
ones of skeletal mechanism. In the zone of maximum reactivity, the temperature is however slightly 
lower (about 72°C) and but is closer to the experimental one. The incorporation of methane allows 
also improving the predictions of temperature and combustion kinetics in the fire plume. In view of 
these results, mechanism MG2 including methane seems better adapted to simulate the laminar flame 
than mechanism MG1 based on Grishin’s hypothesis [6]. This observation highlights the necessity of 
including methane in combustion modelling in the forest fire models to improve the flame 
prediction.  
 
4.4 Comparison with Experiment 
 
We have tested mechanism MG2 for the three forest fuels at 80 s. This time is chosen in order to 
validate the mechanism at different moment of the regression stage. A summary of the initial 
conditions is presented in Table 2 for the three fuels. Figures 6.a-c present the experimental and 
predicted temperatures along the flame axis. For the three species, the computed temperatures are in 
general in a good agreement with the experimental data. The discrepancies between the predicted 
and the mean experimental temperatures are indeed less than 100°C in the flame zone and the 
numerical results are still in the range of the experimental data. In the thermal plume, the predictions 
give a good order of magnitude of temperature even if they tend to overestimate it because of the 
laminar flow modelling.  The experimental and computed temperatures at 1 cm high are presented by 
the Figure 7 for the three species. The temperature curves are characteristic of diffusion flames and 
are close to the experimental data for the whole species. The numerical predictions allow also 
representing the experimental flame shape. According to these results, the global combustion 
kinetics proposed by this mechanism tallies with the experimental one. In the thermal plume, the 
simulations provide a good estimation of the temperature decrease. Thus, whatever the forest fuel, 
the mechanism MG2 supplies numerical results close to the experimental values. 
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5 Conclusion 
 
In this paper, the composition of degradation gases released by three different Mediterranean species 
has been determined. Next, mass flow rate, flame radius and temperature distribution have been 
measured in the unsteady, axisymmetric, non-premixed laminar flames from these fuels. All these 
data have been used to implement and validate a combustion modelling which takes into account the 
main degradation gases of the forest fuels.  
Numerical predictions have been obtained by solving the transient equations for the conservation of 
mass, momentum, energy and chemical species as well as the radiative transfer equation. Three 
different combustion mechanisms have been investigated. Comparison of the experimental results 
with the model reveals that the mechanism considering only carbon monoxide does not allow 
reproducing correctly the experimental results for laminar flow. On the contrary, the mechanism with 
methane produces numerical temperatures close to experimental data. This simple and reliable 
combustion mechanism includes only three global reactions and provides encouraging results in 
laminar flows. However, to improve further this gas oxidation model, other studies are necessary to 
test this model for turbulent condition, for static and spreading flames. 
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7 List of figure captions 
 
Fig. 1. a) Time evolution of the mass loss for the three fuels, b) Mass flow rate after 60 s for the three 
fuels.  
 
Fig. 2. Time evolution of the flame radius for the three species after 60 s. 
 
Fig. 3. Temperature for Erica arborea a) along the flame axis, b) horizontally at 1 cm high. 
 
Fig. 4. Comparison between experimental and numerical temperatures obtained with the two gas 
mixtures along the flame axis for Pinus laricio at 60 s. 
 
Fig. 5.  Experimental and predicted temperatures obtained with the different mechanisms along the 
flame axis for Pinus laricio at 60 s. 
 
Fig. 6. Comparison between experimental and numerical temperatures along the flame axis for a) 
Pinus halepensis,  b) Pinus laricio,  c) Erica arborea at 80 s. 
 
Fig. 7. Comparison between experimental and numerical temperatures at 1 cm high for a) Pinus 
halepensis,  b) Pinus laricio,  c) Erica arborea at 80 s. 
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  Table 1. Mass fractions of the main pyrolysis gases released by the degradation of the three 
samples.  
Gas 
Pinus 
 halepensis 
Pinus  
laricio 
Erica  
arborea 
CO2 0.663 0.616 0.718 
H2O 0.070 0.074 0.047 
CO 0.150 0.140 0.141 
CH4 0.032 0.040 0.026 
C2Hx 0.018 0.024 0.011 
C3Hx 0.012 0.016 0.007 
C4Hx 0.055 0.090 0.052 
H2 0.000 0.001 0.000 
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Table 2. Initial inputs used for the numerical simulations of the flames of the forest fuels.  
 
Fuel 
Pinus 
halepensis 
Pinus 
laricio 
Erica 
arborea 
Mechanism M3 
CO 0.150 0.140 0.141 
CH4 0.032 0.040 0.026 
H2O 0.070 0.074 0.047 
CO2 0.748 0.616 0.718 
Burner 
Radius (cm) 
1.48 1.25 1.01 
Mass flow 
rate (mg.s-1) 
3.27 3.00 3.15 
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Fig. 1. a) Time evolution of the mass loss for the three fuels, b) Mass flow rate after 60 s for the three 
fuels. 
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Fig. 2. Time evolution of the flame radius for the three species after 60 s. 
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Fig. 3. Temperature for Erica arborea along the flame axis. 
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Fig. 4. Comparison between experimental and numerical temperatures obtained with the two gas 
mixtures along the flame axis for Pinus laricio at 60 s. 
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Fig. 5.  Experimental and predicted temperatures obtained with the different mechanisms along the 
flame axis for Pinus laricio at 60 s.  
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Fig. 6. Comparison between experimental and numerical temperatures along the flame axis for a) 
Pinus halepensis, b) Pinus laricio, c) Erica arborea at 80 s. 
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Fig. 7. Comparison between experimental and numerical temperatures at 1 cm high for a) Pinus 
halepensis, b) Pinus laricio, c) Erica arborea at 80 s. 
 
